Long-distance intracellular delivery is driven by kinesin and dynein motor proteins that ferry cargoes along microtubule tracks [1, 2] . Current models postulate that directional trafficking is governed by known biophysical properties of these motors-kinesins generally move to the plus ends of microtubules in the cell periphery, whereas cytoplasmic dynein moves to the minus ends in the cell center. However, these models are insufficient to explain how polarized protein trafficking to subcellular domains is accomplished. We show that the kinesin-1 cargo protein JNK-interacting protein 1 (JIP1) is localized to only a subset of neurites in cultured neuronal cells. The mechanism of polarized trafficking appears to involve the preferential recognition of microtubules containing specific posttranslational modifications (PTMs) by the kinesin-1 motor domain. Using a genetic approach to eliminate specific PTMs, we show that the loss of a single modification, a-tubulin acetylation at Lys-40, influences the binding and motility of kinesin-1 in vitro. In addition, pharmacological treatments that increase microtubule acetylation cause a redirection of kinesin-1 transport of JIP1 to nearly all neurite tips in vivo. These results suggest that microtubule PTMs are important markers of distinct microtubule populations and that they act to control motor-protein trafficking.
In most species, kinesin-1 (formerly conventional kinesin or Kif5) is a heterotetramer of two kinesin heavy chains (KHC) and two kinesin light chains (KLC). A direct interaction between the JIP proteins and KLC is required for kinesin-1-dependent transport of JIP1 to the tips of neurites in differentiating neuronal CAD cells [3] . Interestingly, only some neurites contain detectable JIP1 at their tips ( Figure 1A ; also Figure S1B in the Supplemental Data available online). Although JIP1 is delivered to the tips of neurites of all lengths ( Figure 1B ), in most cases JIP1 signal is primarily present in the longest neurite of each cell ( Figure 1C ). Localization to only a subset of neurites can also be seen for a constitutively active form of the KHC motor both in differentiated CAD cells ( Figure S2 ) and in primary hippocampal neurons ( [4] and data not shown). These observations raise a key question: Why and how does kinesin-1 transport JIP1 to only a subset of neurites?
To analyze JIP1 transport by kinesin-1 in living cells, we genetically tagged JIP1 with the enhanced yellow fluorescent protein (EYFP). EYFP had no effect on JIP1 interactions with partner proteins and transport to the tips of neurites ( Figure S1 ). Time-lapse confocal microscopy of differentiated CAD cells expressing EYFP-JIP1 showed continuous localization of EYFP-JIP1 to one neurite, whereas the other neurites lacked detectable EYFP-JIP1 ( Figure 1D ). To gain an understanding of the dynamics of JIP1 transport, we carried out fluorescence recovery after photobleaching (FRAP) experiments. The kinetics of EYFP-JIP1 recovery in bleached neurite tips indicates that the majority of EYFP-JIP1 molecules are turning over ( Figures 1E-1G ). These results indicate a continuous replenishment of JIP1 molecules by kinesin-1-dependent transport rather than a stationary population of JIP1 molecules that move with the growth cone.
What could be the mechanism by which kinesin-1 selectively delivers JIP cargo proteins to a subset of neurites? Previous studies have suggested that directed trafficking could be driven by ''smart'' motors that recognize environmental cues [5] . One potential biochemical cue is microtubule PTMs, such as detyrosination, acetylation, and polyglutamylation, that occur after microtubule polymerization and accumulate on a subset of more stable microtubules in an age-dependent manner [6, 7] . Because at least some PTMs do not appear to change the intrinsic properties, such as stability, of microtubules, they have been postulated to ''mark'' subsets of microtubules and may thereby influence the binding of motors, microtubule-associated proteins (MAPs), or both [8] . This is supported by immunofluorescence staining of specific microtubule PTMs and the localization of active kinesin-1 motors and JIP1 cargoes in branched neurites ( Figure S2 ).
To assess whether specific PTMs can directly influence the interaction of kinesin-1 with microtubules, we carried out microtubule binding assays by using ciliary axonemes purified from wild-type Tetrahymena and strains carrying a-or b-tubulin mutations that eliminate sites of specific PTMs. As expected, both full-length Myc-KHC and a KHC dimeric motor [Myc-KHC(1-379)] bound to wild-type axonemes in the presence of AMPPNP ( Figure 2A, lane 2) . A partial loss of polymodifications (polyglycylation and polyglutamylation) on the b-tubulin C-terminal tail (CTT) (b-EDDD 440 mutation [9] ) had no effect on Myc-KHC binding, whereas a more severe loss of polymodifications at this site (b-EAAA mutation [9] ) reduced Myc-KHC binding (Figure 2A , lanes 3 *Correspondence: kjverhey@umich.edu Elimination of a-tubulin acetylation (a-K40R chargeconserving mutation [11] , Figure S3A ) caused a significant loss of KHC binding ( Figure 2A , lane 6). This was unexpected for several reasons. First, the kinesin binding site on the b-tubulin CTT was intact [10] . Second, acetylation of a-tubulin at Lys-40 is thought to occur in the microtubule lumen [12] . Third, Tetrahymena bearing an a-K40R mutation had no detectable mutant phenotype [11] , suggesting that microtubule-based motors involved in ciliary transport and motility are unaffected by the mutation or loss of acetylation.
To determine whether microtubule acetylation affects kinesin-1 motility, we carried out in vitro gliding assays. Axonemes lacking a-tubulin acetylation (a-K40R mutation) moved at significantly (p < 0.001) reduced speeds (0.47 6 0.05 mm/s, n = 32) on a lawn of purified Drosophila KHC in comparison to wild-type axonemes (0.61 6 0.03 mm/s, n = 21) ( Figure 2C and Movie S1). The fact that more-dramatic effects are seen in the binding assay than in the gliding assay is likely due to the ability of individual weakly bound motors to cooperate at high densities in the gliding assay. Similar differences between assays that measure characteristics of a population of motors and those that measure properties of individual motors have been demonstrated for mutant kinesin-1 motors moving on wild-type microtubules [13, 14] . Taken together, these results indicate that acetylation of Lys-40 of a-tubulin influences the enzymatic properties of kinesin-1.
To verify that it is the loss of acetylation, and not mutation of Lys-40, that influences kinesin-1, we utilized microtubules from cell lines containing known differences in PTM composition. COS and HeLa cells contain acetylated a-tubulin, whereas PtK2 cells lack this modification ( Figures S3B and S3C and [15] ). In contrast, COS and PtK2 cells but not HeLa cells contain significant levels of detyrosinated a-tubulin ( Figure S3B and [15] ). Because these cell lines contain different levels of kinesin-1 protein (data not shown), recombinant dimeric KHC motor domain [DmKHC(1-559)] was used to ensure equal motor input. DmKHC(1-559) bound with higher affinity to microtubules polymerized from COS cells than to microtubules polymerized from PtK2 or HeLa cells (Figure 2D ), suggesting that both acetylation and detyrosination influence kinesin-1 binding. The fact that the N-terminal region, including Lys-40, of expressed PtK2 and HeLa a-tubulin genes are identical ( Figure S3D ) indicates that it is acetylation and not mutation of a-tubulin that influences kinesin-1 binding, although we cannot rule out the possibility that speciesspecific differences in the C-terminal half of a-tubulin contribute. It is interesting, and perhaps surprising, that loss of a single PTM can affect kinesin-1 binding despite the continued presence of the other PTMs. In the case of PTMs occurring on the b-tubulin CTT, this could be explained by CTT regulation of kinesin-1 mechanochemistry [8] . Because detyrosination occurs on the CTT of a-tubulin, a domain believed to be highly flexible [10] , this PTM may also influence kinesin-1 binding to btubulin. How acetylation of a-tubulin, located inside the microtubule, regulates kinesin-1 requires further study but may be due to subtle conformational changes across the tubulin dimer [16] . To test whether other factors (such as MAPs) present in the axonemes or COS cell lysates are required for the preferential binding of kinesin-1 to acetylated a-tubulin, we purifed tubulin protein from wild-type and a-K40R Tetrahymena axonemes ( Figure 3A ; also Figure S4 ). Microtubules polymerized ( Figure 3B ) from a-K40R Tetrahymena tubulin showed a significant decrease in binding to purified recombinant DmKHC(1-559) when they were compared to microtubules polymerized from bovine brain and wild-type Tetrahymena tubulin (Figure 3C) . In gliding assays, microtubules polymerized from a-K40R Tetrahymena tubulin showed a significant (p < 0.001) decrease in velocity (0.38 6 0.02 mm/s, n = 13) on purified DmKHC(1-559) when they were compared to microtubules polymerized from wild-type Tetrahymena tubulin (0.46 6 0.03 mm/s, n = 10) ( Figure 3D ). Because purified components were used, these data indicate that acetylation of a-tubulin directly influences the kinesin-1 motor domain.
To determine whether acetylation of a-tubulin can influence kinesin-1 transport in vivo, we took advantage of pharmacological agents that increase the level of microtubule acetylation in cells. Treatment of differentiated CAD cells or stage 2 primary hippocampal neurons with trichostatin A (TSA), an inhibitor of class I and II histone deacetylases (HDACs) [17] , caused a rapid increase in microtubule acetylation with a concomitant redirection of JIP1 transport to the tips of most neurites (data not shown). To confirm that these effects were due to alterations in microtubule acetylation, we treated cells with tubacin, a specific inhibitor of the a-tubulin deacetylase HDAC6 [18] . Treatment of differentiated CAD cells or primary hippocampal neurons with tubacin resulted in increased levels of a-tubulin acetylation despite there being no change in total tubulin content or a-tubulin detyrosination (Figures 4A and 4D ; also Figure S5) . In individual neurites of primary hippocampal neurons double stained for acetylated a-tubulin and total tubulin, the mean of the ratio of acetylated:total tubulin increased 2.5-fold upon tubacin treatment (n = 10 each). Importantly, upon tubacin treatment, JIP1 no longer localized to a subset of neurites but rather accumulated at the tips of nearly all neurites ( Figures 4A, 4C, 4D , and 4F). Tubacin treatment also caused an increase in the amount of endogenous JIP1 protein at neurite tips in CAD cells but not hippocampal neurons ( Figures 4B  and 4E ), perhaps because of the higher levels of JIP1 protein in CAD cells (data not shown). Alternatively, acetylation may have slightly different effects in different cell types. The increased presence of JIP1 at neurite tips upon tubacin treatment cannot be explained by an increase in the width of the neurites ( Figure S5E ) or by a decrease in retrograde transport of JIP1 because the rate of loss of photoactivatable GFP-tagged JIP1 (PAGFP-JIP1) fluorescence from neurite tips was identical in untreated and treated CAD cells (Figures 4G and  4H ). Taken together, these results indicate that microtubule PTMs, specifically a-tubulin acetylation, cause a redirection of kinesin-1-dependent trafficking in vivo.
Polarized protein trafficking is critical for cell morphogenesis and function, but the mechanisms are not well understood [19] [20] [21] . In this study, we present an analysis of a cargo protein with polarized subcellular distribution as well as its known microtubule-based motor. We provide results from several independent approaches that together provide strong evidence that microtubule PTMs influence the recruitment of kinesin-1 to specific microtubule tracks. One attractive possibility is that PTMs mark subsets of microtubules that lead to specific subcellular destinations. For example, acetylation may direct kinesin-1-based transport to growing neurites in developing neurons, to axons in mature cells, or both [4, 22, 23] and may also direct protein trafficking during formation and organization of the immune synapse in T cells [24] , the migration of wound-edge fibroblasts [25, 26] , and the preferential movement of mitochondria into growing axonal branch points [27] . Another possibility is that PTMs provide a biochemical signal that distinguishes cytoskeletal tracks most likely to extend all the way to the destination. Because the rate of microtubule growth in vivo (w0.2 mm/s [28, 29] ) is slower than the rate of vesicle transport in vivo (average velocity w2.0 mm/s [30, 31] ), it would be advantageous for the motor to travel selectively along the more stable cytoskeletal tracks marked by PTMs.
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